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1. 1 T TU CTTO:JI

'ilie work under Grant .o. Ar'O) -H 77-3467 durinf, the periodJ

1 September' 1977 tc 30 reptorber'/l98l1 ( has been dev.oted to experi-

mental studies of middle-latitude reomnprnetic pulsations in tihr.

period r-anre 0.2 to 50 minutes. The principal effort has been on

the resonant perlods of the pulsations which arise from hydro. a-

netic r'esorances in the maflnetostphere. The resonant periods

appear as~ peaks In the period distributions and frequency spectra

of the Pul-ations.

Many papers, both experimental and theoretical, have been

published on this subject over the past thirty years, by a number

of different investigatoro. Iloi- berC (1951) fIrst suggested

tvvdromagrietic resonance as a so-irce of the pulsations to account

fc2, the peaks at about 20 and 70 seconds in the period distribu-

tio:-s of pulsatiors recorded at Eskdalemuir, Scotland. In the

pre-satellite era, the resonancos were attributed to the iono-

sphere. Resonance alonFg magnetic field lines has since bocome

the fav.,: ed hypothesis to explain the quasi-sinusoidal waveforms

often oL:!'rved. The theory was first applied to the ionosphere

(Kat.o ar.l ''Iatanabe, 1955) and then to the mag-netoSphe-re (C0tavt's:-1

and Jaccos, 1958). The polarization of pulsations observed

simultaneously at geomagnetic conjugrate points p~rovide d the fir.;t

conclusive evidence for a rnaGnetcospheric source of the pulsat ions,

(Suri1ura, 1961). Many later observations have confirmed the

existenco of standing waves in the magnetosphere, and magneto-

spheric resonance >ias become firimly established as a major source

of the pulsations. The nature of~ the resonant mrechanism, however,

has beer. much less certain. AI DC rTr ,PSIMrCFCrA (Aylq"NOTICE DF TRANSV TTAL TO DTTc
This tachnic d:, report hWas been revievid and is

S Approved for Pubfl Ire I ose JAW AR19-2
Distribution is unlimited.
MA MEN J. JKT'IR
Chief, Tohnial Ifltion 1Divion



1. !,,.,"1uti.C U '[i U U Po' 'c ;oriaL t el'i :3 I:; . ,rcdictud by the

field-line-resonance hypothesis which is the only physical mechan-

ism that has been proposed up to the present time. The observa-

tional cata that :lave accumulated over the years have been incon-

clusive; there has been some supportive evidence and sonme contra-

dictory evidence. Of the studies that have been unfavorable,

none has covered a wide enough period range to present a recog-

nizable pattern of resonant periods as an alternative to the

harmonic series. Under these conditions, the field-line-resonance

hypothesis has become firmly entrenched, and itz acceptance has

become self-reinforcing,. Published data that have not supported

the hypo thesis have been ignored or forgotten, and more recent

observational data have been exa-nined only in the light of the

hypothes-is. Sore data that have not supported the hypothesis

have been discarded withcut publication and without any ser'ous

attempt to determine whether they might furnish any definitely

contrad ctory evidence.

The resonant periods of the pulsations analyzed under this

grant have consistently formed geometric progressions in the

period range 0.2 to 6 minutes. Two nighttime data samples record-

ed during large magnetic disturbances and two daytime samples

recorded during low to moderate disturbance levels have been anal-

yzed. The results are sufficiently comprehensiVw_ to be in clear-

cut disagreement with a harmonic series of resonant periods. No

theoretical explanation for the geometric propressions has yet

been devised. It is clear, however, that the field-line-resonance

hypothesis cannot, at present, be considered to be established as
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the explan-.tion for the :::ai netorhperic resonances observed at

middle latitudes.

The present work utilizes 'polarization traces f which provide

continuous displays of the nolarizatlon, of the pulsations in

selected period bands. ThIcz ana'ysis technique was conceived

some trre ago. The early ..tud.es established that hydrcmagnetic

(H:!) waves were frequently obser,,ed throughout the 0.2 to 50

minute period range and that waves of several different periods

were often observed sinultaneousy during both magnetically quiet

and disturbed intervalo,( Wane 'ind Frey, 1967; Frey, 1969). That

effort was terminated before the potentialities of the technique

had been exploited, and the early results were not widely dissem-

inated. Some of the or!i[nal data have been resurrected for the

initial work under this grant, and the analysis technique has been

extende:4.

II. THE DATA OF 18 APRIL 1965

Th- 12-hour data sample (0000 to 1200 EST) was recorded at

Strawberry Hill, Mass., geoma netic latitude +54 ° . Three corpon-

ents of the pulsations (north-south, east-west, and vertical) were

recorded on 7-track, f-m tape. The induction coil sensors used

prcvided a linear response in aB/Ot throughout the period range

of interest. The interval 0000 to 0600 EST during the large r-.ag-

netic storm of 18 April 1965 (maximum Kp = 8-) was one of the

"aurora.-oval intervals" (A-O intervals) identified by Maple et al.
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(1976) .h n the Strawberry Uiill -;tation was inside the southern

boundary c' the expanded auroral oval. The large-amplitude A-O

reCir::e of pulsations observed during the A-O intervals was distin-

guished fro.o, the "wid-iatitude" (M-L) regire of pulsations usually

observed at the station. The conditions during the interval from

0600 to 120O EZS -. ere not typical of the M-L regime, however,

since ti.e station would have remained outside the plasmapause

durin , s.ow refilling and expansion of the plasmasphere after

the storm.

II. A. SELECTION Or FILTER PAS:DA:LS

Thc first evidence of the natural band structure of the pul-

sations came from observations of bandpass-filtered aaveform.

The oriGinal broad-bandwidth analog tape recording s consisted of

a linear superposition of many short wavetrains whose periods

covered a very wide range. The superpositions were quite promin-

ent in tae 3B/dt recordings because the differentiation emphasized

the shorter periods and thus partially compensated for the increase

in pulsation amplitudes with Increasing period. The initial In-

tent was to study the polarization of the pulsations, and filter

passbands about one octave wide were to be used to effect a par-

tial se.:aration of the individual wavetrains for this purpose. It

was soo:n found that there were some preferred settings of the

center period of the passband for which very few caser, of super-

position of concurrent wavetrains were observed in the filtered

4
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wave form-:. When the cenl.er period of the passband was shifted

away froe.: one of the preferred settings by about a quarter of an

octave (towa-d longer periods, fcr example), additional (longer

period) w.iavetrains would appear superposed on the wavetrains that

had preoviously been present. As the center perIod was shifted

fu'trLr .n succe';sive steps, the new (loner pe'iod) wavetr'ains

would *-he.'oric predominant, and a new preferred setting would be

reached 'or ".-hch the no-.. wavetrains would be observed with very

few cases of sner '.osition of the previous (shorter period) set

of wavetruans.

The filter -assbands to be used for the polarization analy-

sis were therefore matched to the natural band structure indicated

by the preferred center periods. The nine selected passbands

cover the period range 0.2 to 50 minutes. They are numbered Al

through A9 in Figures la and ib, and their nominal cut-off periods

are shown by the C's at the bottcm of the plots. (The other fea-

tures of these plots will be discussed later.) The minimum widths

of the passbands were constrained by the requirement that adjacent

passbands should share a cor.m:on nominal cut-off period. Good

coverage of the entire period range was thus ensured. At the

nominal cut-off periods (i.e., tlhe periods read from the dials of

the Kron-ilite variable-bandpas3 filters), the filter response

curves had dropped only 20' below their peak values. At their

half-po.*er points, the passband' were appreciably wider, and adja-

cent pas:;bando overlapped. The nine passbands cover a period range

of more t::n seven octaves, and the narro.est bandwidth is more
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than half an octave in width. The superposition of wavetrains

was not completely elininated in these comparatively wide pass-

bands, but it was greatly reduced by the selection process. The

number of superposition3 of conc lrrent wavetrains of different

periods was much smaller in Bands A7 and AC, for example, than in

an intermedinte (non-selected) passband of comparable width whose

cut-off periods would correspond to the center periods of Bands

A7 and A6. A similar statement would apply to each pair of adJa-

cent bands, although the cbservatlons were less clear-cut for

Bands A!, A2, and A3 for which co rparatively few pulsation cycles

were av.ilable for observation. Any sirnificart shiftz of the

center .eriods of the selected passbands produced increases in

the num[er of superpositions of wavetrains which were obse:ved.

Period distributlons peaking near the centers of the passbandus

were im icit in the observations, therefore, even before the

distributions were actually derived from the later analysis.

The selected filter passbands formed a fairly regular sequence

with the ratio of adjacent center periods being a little less than

two. Spot checks of the ratios of the periods of the pairs of

superposed wavetrains which were commonly observed in intermediate

(non-sected) passbands showed that the most common value of this

ratio w's also a little less than two. The only possible expla-

nation .re' these results was a regular band structure in the

pulsat'.ns such as would be produced by a series of low-Q maneto-

spheric resonances. When excited by a broad-bandwidth energy

sou:'ce, the output of each resorance would consist of a series of

wavetrains !n a band centered at the resonant period, the width

6
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of the bornd beinj determined by :hu " of the resonant mechanism.

While the output of a narrow 'L'!er bandwidth centered on one of

the rescnant periods would shjow only one pulsation wavetrain at

any give: tir.e, the bandwidths selected for the analysis, whose

widths were comparable to the spacing between the rez',nant periods,

would .cmet! :nts i-clude wavetrains associated with one of the

adja-ent resonances. A passband centered between two of the

resonant periods would frequently show superpositions of pairs

of concurrent wavetrains, one from each of the two resonances.

Ii. B. POLARIZATION TRACES

Plots called "polarization traces" which displayed the pol-

arization or the pulsations in the horizontal plane were used to

Identif: the individual wavetrains which constitute the filtered

waveforms. The X and Y components of the pulsations were process-

ed simultaneously with identical settings of Kron-Ilite variable-

bandpass filters and identical simple, low-pass RC circuits which

provided integration in the period range of the filter passband.

The integrated and filtered waveforms, which then displayed tire

varia~ions of B rather than the &B/)t originally obtained frcm the

induction coil sensors, were recorded on 7-track f-m tape along

with a rime track and calibration information t'rcm the original

tape. The wavefor.s for the nine selected pasabands were pro-

cessed on an analog computer which produced the polarization

traces. For detailed analysis, it was then necessary to punch

the results on card- fCor processing on a digital computer.
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A section of a polarization trace is shown in Figure 2. (The

example ts taken from the data of 2 'lay 1978 which will be dis-

cussed later. This trace is more regular than ti..se derived from

the wider filter passbands used for the 18 April 1965 data.) The

azimuth angle of the magnetic vector in the horizontal plane is

computed fron the instantaneous values of the X and Y components

of the filtered waveforms, and the cumulative azimuth angle is

plotted in 90 steps as a functicn of time. The numbers on the

ordinate of the plot are complete 3600 rotations of the vector.

Each vertical step shows the time when the vector changed quad-

rants; that is, when It passed trough 900, 1800, 2700, or 3600.

The horizontal steps then show the times that the vector spent in

each quadrant. For a sinusoidal wavetrain, the center points of

the horizontal steps would lie o.- a straight line whose slope

would give the period of the wave. When straight lines are fitted

to the center points by the least-squares method, the RPLS devia-

tions of the points provide measures of the regularity of the

waveforms which produced the tra:!e. Each portion of the trace

which has a minumum length of one complete 3600 rotation of the

vector and yields an RMS deviation less than a predetermined value

is called a "polarization run". The computer provides the period

and the duration of each run whi,.h identifies one of the many

short w_vetrains that constitute the filtered waveforms. The

terms wavetrain and polarization run (or simply run) are used

synonymou:;ly hereafter, and the length of the wavetrain may be

expressel either by the number of pulsation cycles or by the num-

ber of rotations of the magnctic vector. Four polarization runs

8

If



are Indicated In ...ue 2 and one o the fitted straight lines

is shown. T!e first throe runs n,;e a positive polarizatisn whicn

produces an increase in the number of rotations and indicates a

clockwise rotation of the ma-, netic vector looking downward alon

the positive direction of the field lines. The fourth run, at the

right, has a negative or counter-clockwise sense of polarization.

In previous studies, pulsation periods have been derived

from stn-le-component rccordings. In some cases, average periods

for seler:ted tire intervals have oeen used, but this eliminates

much of the detail needed to forrm period distributions. In other

cases, individual wavetrains have been selected by inspection.

Compariscns of the X, Y, and H waveforms (see later discussion)

indicates that the E waveforms and the polarization trace, which

also comtines the X and Y comnponents, provide a better basis for

the selection of the individual wavetrains than eit"ier, the ' or Y

corponent taken alone. The computer scaling of the trace also

makes the selection an objective one.

Polarization traces for the nine selected passbands are sh.:;n

in Figure 3 (nominal filter cut-off periods as shown). The traces

provide _egIble displays of the polarization of the pulsations

over ext..:nded intervals of' time. The strong positive or negative

trends persisting for a number of cycles in many sections of the

traces pi'ovdcie convincing, evidence for 1117 wave activity as the

source of a large percentage of the pulsations throughout the

period ran _'e.

The compressed time scale of Figure 3 causes an Increasing

loss o-f detail in the traces as the pulsation pericds decrease.

Each trace is composed of many polarization runs. Considering

9



all runs having length., of one rotation or more of the rs net~c

vector (k.' 1.) , the total nu:-rr (,f runs rang-es f'rom for Band

Al, whicn has an avrar e puls ation period of 41 rinutes, to 920

for .anc A) ,;with an averare period of 0.33 minutes. For the nine

bands, the averare lenrth of the runs was 2 rotations, and the

av. rag_ total polarization (i.e., the combined time durations of

the2 run-) was 82* of the length of the polarization trace. Of the

total polarization, 444,' was accounted for by runs having lengths

in the range 2.0 _ R -:. 4.0, !0:0 by runs with R i_ 4.0, and 38,, by

runs with R{ < 2.0. The short runs OR 2.0) prcvide ir.ortant

contributions to the strong clockwise or counter-clockwise tren.3,

of the rolarization traces which were noted above. Thus the short

runs:3 ( - at Icas t a larg ;,cz'_,ni go of than:), ;s well as the-

lonmo r'':n., are attributed1 to 'wave activlt .

z tatUztics of th' rols r l :zat l o i were e;suntially the sa:-e

during A±- Interv'ai 'zrcn JCCO to 0500 E-13: :Ls for the follow-

inI .- L . .. fro to 20D 7T. There were no appreclahle

differecvs in the averai-e lengtI of the runs or the percentage

of time cccupied by the corbined durations of the runs during the

two intervals with only one exception. For Band A3, the average

.th was 1.9 rot...ons for th! A-O interval and 2.9 rotations

for the MI-L interval.

10



The strong clockw!2e trend2 'or 5ands A8 and A9 (period2s

shorter than 140 secondsF) dur'in- the A-0 interval Is oposite to

the predominant counter-clcckwise trend observed for this rpericl

range at Strawberry Hill in the early mornini7 hours for the le-ss-

disured -Lreime Samson et al. (1971) and Samson and Rostc;,-

er (1972) show that the sense of ncla-,rizatlon reverSes frc::- clon:-

wise at high latitudes to (,ounter-clockv..ise at lowe,(r latituade:,;

during- the morning hourz arnd that th-e latitudec of the reversal

decreaces with decreaz3in, puizatiun period. Their Pc3plai-

tion reverzed] at about 600 gem~el. Du.-Ir,, the A-C irntsrwil

at 111113m"' ~l, the latItude of'tervcz~ had z-hift2d

southw,-:-'d witlh the auroralvl Lou-i(:ar,. to +540 or less. I t

possiti>. tnat the clockIse rl - --,-zation in Band A'? just pirior to

0400 ES.1 is a sUi-,.lar effect. TIhe predominlant trend! for EBar:,U :i

throurih A,) (perlodu; longer than I. rinute) is counter-clock.wise in

the morrnn( hours in ag-reement with man., previous reports.



A p1eak iii pul:;ution :'rpiltu at the latitude of' the polari-

zation reversal was ncted i.n the papers cited above and has also

been predicted theoreticafly (,'.cCThy, 1973; 'adncski, 1 9 74; Chen

and .:ase-awa, 1974; Sout h',.'ood, l?'74). iowe'ver, a peak in the

ar.pliLue-s of the A-O pulsations in Bands A8 and A9 at the lati-

tude of Lrawberry lill is not to be expected. Maple et al. (1976)

noted th.-t ror any given level of manetic disturbance, the ampli-

tudes in this period rarze at Strawberry Hill were smaller than

the corresponding amplitudes at College, Alaska, reported by

Camnbell and Matsushita (1962).

Ii. C. FILTERED WAVEFORMS AND POLARIZATION RUNS

The pulsation waveforms have been examined by marking off

the times cf all the polarizaticn runs identified by the computer

on strip 2 :art records which included the filtered and integrated

X, Y, and 1. (=(X2+Y ) " ) com-oner.t waveforms along with a time

trace. Sand A9, which provides 920 runs for examination, is used

for this discussion.

The succession of wavetrains that make up the waveforms are

usually m'ost clearly observed as short "amplitude bursts" in the

H co:.mpon,-nt. The occurrences of polarization runs having lengths

of 2 to ; rotations show a general agreement with the occurrences

of the bursts, but there is not a one-to-one relationship. Runs

longer that 4 rotations usually extend over 2 (or more) amplitude

bursts. There are also some "gaps" between run:;, i.e., sections

of the polirizatlon trace that do not meet the criteria for runs.

12



There ar '--c ry los:I Lca;s;. For' Sand A9 , no ,ap is lfntser than

2 mirut e .,' , and only 4 are longer than 1 minute. Of the 429 Lgaps,

278 have duratlons of less than 0.3 minutez; i.e., less than

the aver.we pulsation period for the band.

When comparatively isolated amplitude bursts occur, their

duratiors are seldom longer than about 3 cycles. Tne azrnlltude

of a typical isolated burst first increases and then decays; the

in-!iation of the burst is not impulsive. The occurrences of

successive amplitude bursts is quite irreg-ular, and there is no

indication of the "beating" which would occur if two closely spaced

frequencies were present. The independence of success;ive bursts

is often Indicated by appreciable diff rences (1O, or more) be-

tween t.... periods of successive runs and by the fact that succes-

sive ru-:; may have either the sarne or op-.o;mito senzes of Folari-

ta:ic::.

Suc:ess Ive armil t.d,_ bursts are not usually isolated fro-

each ote.er. In sore cases, the start of a new polarization run

clearly coincides with the be;jinin of a new burst which appears

before the previous burst has decayed; the new burst beconres do,--'-

nant after an irregularity in 'th. waveforms which may, or may no-.,

cause a short gap between the en(I of one run and the start of the

next. In other cases, there is no clear occurrence of a new burs;t

at the ztart of a new run, but :.rely an irregularity in one or

both of the X and Y waveforms. Polarization runs less than 2

rotatlcns in length show a tendency to be associated with small

X and/or Y amplitudes.

13



The 'ave:or::.s ozs-rv',! in e.ach filter pasz band are consistent

with thc C-ut,11t to be cxj-cted f:.om a loa-,] resonant mechanism

exc!,,ed b%. a 'ariablebroad-:,nI:idth source of energy. The

polarization runs are produced o'y a series of independent excita-

tions of the nechanismrs by "Inpu,; bursts" corresponding to the

"amplitude bursts" in the i component waveforms. The simplest

input bursts would be bursts of energy whose spectra peaked at

different frequencies in the pas:;band to account for the varying.

periods of the runs. Cor,!aratively large, shift;s in the peak of

the frequency spectrum of the source without pronounced changes

in input energy could produce so:rme.:hat similar results. Sharply

peaked spectra for the input bursts are not required to produce

the observed output waveforms.

The interval between the ini:tiations of successive input

bursts is variable and averages about 2 pulsation cycles (i.e.,

the average length of the Folari:,atlon runs). An isolated burst

produces a buildup of ener,7y in the resonant rechanism which

decays :..hen the input ceases or ,,crcases in arrplitude. For a

low-Q rs:. .anism, both he bulL,,;) and decay can occur rapidly

within one or two cycics of the output waveforfr. Interaction be-

tween succc2ssive input bursts oc.:urs when the new burst is ini-

tiated Lefc-c the energy stored '.n the mechanism during the pre-

vious burst has been completely dissipated. Irregularities in

the waveforms caused by the interactions would often produce the

short "gaps" frequently observed between successive runs. Many

of the runs would therefore be shorter than the interval between

14



successivu ir. ut b'!. ,,e sv. rt runs terid to be assocl.ated

with mall wavenforr: o.l .... . :! are thus likely to have been

shOrtc-nc- Ly the inter'.ttlon:,

S.... ... .-, n on o' ;;nv' ' :: arain indicates that the short

runs ( , < 2.a) are re,,uc2d by tnu ar.:e physical ,echanisr. that

r00O5cC2: t::'.1 On.:2r" r" un::.

!I. D. rL, IOP DISTRI=UT IO:,,

The histcgrams of Fi:-ures la and lb show the period distri-

but*or.s cf the pulsation .:avetrains observed in the nine selected

filter pa.s3sandz. The pcr!cd range 0.21 to 50 minutes has been

divided into equal !ntervalz on a 2ogarithmic scale (lorarlthnLz

increr:ent = 1.1l1), and the nu:;her cf cycles in the wave trains in

each Ferz . t !.terval have 1-eer. sun,:.. The nurh r of c-cles In

each rn ....... nhas beei diw.dd by two to provide numters compar-
eable has b;een di.c'e' ' to .

ab! .to .*.. acL* a nu.ser of runs. The resultlng numbers are

plcttcd and labelled "vel.-hted occurrences of polarization runs"

in the figur.s. T.e number of runs diminishes with increasing

per:iod as th-e nunber of pulsation cycles which could he observed

in s4he fIixed ti,.e interval decreases. The plots for ?_andc A5

and A4 are repeated in Figure lb with an expanded ordinate scale

to provide continuity.

In iiure la, the arrows numbered 1 through 6 indicate a set

of periods which form a geometric progression with the value of

R, the ccnrmsn ratio of adjacent per'Jods, being 1.7. The median

periods of the distributions aj7ree with the periods of the pro-

tre*s!or,, to within +I,. The 1, value is critical; the agreumerit

15



Wit". L.X Clta dtC:'!orates rQTnidl1y whel 1', i3 varied by more than

I~ In Fi,-,uri lb, the arrows below 3ands A3 through Al indicate

the rdi.,n period:; of those distributicns. The ratio of the

median pericds of Rands All and A3 is 2.14, and it is clear that

Band .'3 I's not a continuation of the prog-reSsion.

Banusz A) through A4 are thus interprcotcd as a Ceometric pro-

gression of six low-Q mafnetospheric resonances with a fundamental

period cf abtout 5 minutes and an R. value of 1.7.

All polarization runs having- R? 1.0 (i.e., having lengths

of one cos-.plete 360 0 rotation or mor? of the magnetic vector)

were usedl in the overlapnr period distributions of Figures la

and lb. PerIod distributions for four categ-ories of run length

( 1. 0- F. < 1-5; 1.5 :5R 2.0; 2.0 5R < 3.0; and R e ".0)

have also been constructe d. The shapes of the distributions for

the four run lengths are quite similar, aEain indicating that the

short runs (1' < 2.0) are produced by the same physical mechanism

as the loncger runs3. The periods of the short runs are less pre-

cisely difIned and produce somewhat broader distributions.

1[olnbecrg (1951) considered the resonance mechanisms as band-

pass filters with a rardor-, noise input. The characteristics of

the filter outputs (i.e., the Pulsation waveforms) then yielded

an estimate of 14 or 5 for the Q's oi' the resonances. On the same

basis, the Q's- of the resonances determine the shapes of the

period distributions. When resonance curves for RLC circuits

having various Q values were fitted to period distributions ob-

tained for runs with R l 2.0, the curves computed for Q's of 5

had shapes similar to tho.se of the distributions, in agreement
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with 1..he of ... half'-pcwe! tc 1crn of the remon-

a..ce si.,i n.. nor'.naI cut-off periods of the band-

pass t; e( !'or t:..;, and the paz:bands of the

filters measured at their h-alf-power points were appreciably wide:r

than the resonance curves. As pr V ously noted, the response

curves of the filters had ... pe only 2 below teir peak values

at the ncmlnal cut-off periods shown in Figure 1. The period dis-

tributions previously estnblIs.hed by the manetospheric resonances

would not, therefore, have been avpreciably altered by the band-

pass filters. The RLC circuits wore used for convenience in the

calculation of the effocts of ene.,y dissipation, as ireasur:cd ICy

the Q value, on the resrcn.;e curvs of simple resonant systems.

The actual magnetospheric resonan:e mechanism, although physically

different, would shc. siil-r effect:.

The hourly period distributions for Pands A,9 throuih A6 .'ar

usually, but not always, mrore slaarply peaked than the overall

distributions of Fiure la. The iredlan periods of tne hourly dis-

tributir:; are within +.C of those of FIgure la with only 2 excep.-

tions out of the 110 cases. The media.n neriods of the different

bands do not Increase or decrease sirultaneously, and the hour!:

values of th:e ratios of the median periods of adjacent bands can

occasiom1 ... vary appreciably.

The on,:--hour intervals do not provide complete averaginF: of

the short-term variations of the frequency spectrum of the enerT:.,

source w...h excite the mat-netcspner.c resonances and produce tihe

varying periods in each band. Tndependen excitations of the
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different resonance bands and a lcck of close coupling between

the ban.!.; account for the' ob:r'.,u. vnri ility of the hourly

period d -tributicnz.

The .,a*ios of the periods of pairs of pulsation wavetrains

that were linearl' superpozed in the original, unfiltered record-

in:s have been examined by comparing pairs of partially concurr .,nt

wavetrains observed in adjacent pairs of filter passbands. A

combined distribution of these ratios has been obtained for the

four band pairs A9-A8, A8-A7, A7-A6, and A6-A5. In terms of the

period inte-'vals used in Figure I., the probability that a run in

interval N is partially concurrent wizh another run in the period

interval N + i is tabulated below. The highest probability occurs

for i = 5 correspondinC to the spacing of the peaks in Figure la.

i 1 2 3 4 5 6 7 8 9 10

P = .01 .05 .12 .18 .21 .19 .13 .07 .03 .01

This is in agreement with the spot checks made during the selec-

tion of filter passbands and confirms the geometric progression

of rescnance bands. There is no cvidence of a close relationship

between the runs in adjacent bandf:. The two runs in a pair are

only partlally concurrent, and the amount of overlap is quite

variable. Also, the two runs may have eithe.r the same sense or

opposite 2er.ses of polarization.

.ost of the observed features of the data can be attributed

to essentially random variations of the energy source which excites

the magnetospheric resonances. This simple model does not, how-

ever, account for the strong clockwise or counter-clockwise trends

shown by "-.any sections of the pol.rizatiori traces of Figure 3.
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It is again emphasized that the observed distributions are

statistical in nature. A single set, or even several sets, of

partially concurrent Io "- wavetrains would not necessarily pro-

vide reliable estimates oC the median periods of the resonance

bands or of the s f e r n.tlan seriods of the different

bands.

Ii. E:. OTHFR ESUL" OF 71E ANAL...

The amplitudes of the euls tlons peaked in the interval 0100

to 0300 EST during the hei,-h't of :he majnc ic stor -.:hen the Kp

index reached a maxirmum T . ihe r;.xmum hour'y averai-e ampli-
tudes of the H component ranted from 35 gammas for Band Al to 0.73

ga,-nas for Band Ag. The amplituds dropped thereafter, particu-

larly after 0600 _ ? when ..he sou:hern boundary of the contract-

ing auro:'al oval receded north.,ar1 from the station. !-y the hour

1100 to 1200 EST, the anrpi'iudes *iad dropped to 3 gammas for

Band Al and 0.02 gammas for Band 49.

Strorng cosmic noise absorption (6 db maximuzm) was recorded

on the 22 ,Viz riometer at Bedford, Mass., from 0100 to 0300 EST,

and the sr;-oothed CNA curve was very similar in shape to the en-

velope of the pulsations having periods of I minute and less.

The peaks of the small variations superposed on the envelope of

the Ci[A curve were correlated with the positive peaks (corre-

sponding to northw.ard-dirccted fields) of the filtered and Intc-

grated X cer.ponent waveform of th? pulsations in a 5.5 to 17

minute puix; ;aid. The increases in particle preciritatlon that
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cauStcd Ircc~M nC.n:'also have been exructed to cau.;e

increacc.; irl lor.;pher.c cc:xductitvity iccompanied Ly ircreazcn in

the strerig h of the aestward-flowinC electrojet, but this aould

have prcduced: increases in the southward-directed field in disag-ree-

ment wa:-*, .he observations. Th,2 relationship bet-ween the CNIA and

the pulcations must therefore bt- attributed to a common origin in

the magr'etosphere.

All cf the evidence indicates that 80,' or more of the pulsa-

tionu are of ma,-netcspheric or!,,-n throughout the m:'easurement in-

t erva. The marnetic variations in the 0.26 to 50 minute period

rani7c mcro directly associated .,Ith fluctuations of tile auroral

eleczrcoet durlnC the A-C Interval must have been appreciably

smaller thian the concurrent, larg-e-amplitude FN wave activity,

since tb~ev did not reduce the am~ount of elliptical polarization

below that observed durin- the following i--L interval when only

the weak, slowuly-varyinC Sq currents were overhead. During the

A -0 Interval, the fields of the IMM waves were not neglifible in

compariLon with the electrojet. The electrojet field as shown by

the H coronent on the magnetogram at the W4eston, Mass., observa-

tory reaclied a maximum value of about -750 cammanc or ab-out 8 i~.

tho maximurmn peak-to-peak amplitude of the pulsations in Band Al.

!I. F. COr:PARI.OH 011 i PREVIOUS RESULT:

'ddilolnal observational data will be prenented prior to

the corr.F:Lri~on with previouz res;.ilts; relevant to the ;uLllect of

magnetc!mheric resonannces.
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GI (. SUB!11I2!TOL1 TO r~JOURN'AL OF, rGE0P1!Y TCAL RZ~C

A rapner descril-.n7 the inital results obtained under the

Gran': was r*ejected by the Journal of Geophysical Research. The

remarks ofthe referees ind'Lczt- that any challeni-e to the fiel-,!!

line-rescn'ance hypothesis -was rt :-arded as heresy which should be

firmly upes.

The Brand X Referee (RXR) stated that "The technique event-

ually rE2verted to the use of the human eye In deciding- when the

filtrer widthi has been decreased zo the point where only a sinr-le

freq-1cney is prezent."

,,ci the ove2rlapprr 1* ,Itter band&,.idths prov., C culpletC.

coverage of the period range, a single frequency rer filter band-

width wculd be corpatible with the stated result-, of the, analysis

but w4ould be incomatible with- the harmonic series of frequencies

predictc.d by the rield-line-resoance byrothesis. The 3XPhs miz-

statement of the analysis techniqtue could hardly be considered a

devastat-'.n.- criticism, even if it had been true.

The rer.aininE; comment of the BXR concerned the RLOC circuits

whic'. wer'e used only In estinatin- the Q's of the resonances and

were not used as physical models of the magneto-sph:erlc resonance

mec2~n:.:s.The BXRKH complaIned that, the 11LC circuits weroa not

phy.-,')sa- r:odt ls of the M t-,CLsL piuric resonance mechanis-r.-S

T: >-ard Y Referee (LsYR) s Latod "This is actually what tne

author 6.1d by his 'currmulatlve ar-a'l technique of countinm rota-

tions and deflninC, 'runs ' *

The .3:Yf-vs remark was clearly intended to refer to the polar-

ization traces, but the traces did riot Involve cumulative areas
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in any way. Thsconf'usion on the part of' the BYR concerning the

contenits of the paper 1-ec wa,; relN !rceinf^ was quite extenfive.

h' L Y stated "I understanrl tiat- the author has novriallzed

t'ne c! list rittions of rotationn in each filter band. However, he

does -c-. -.'scr'.be howhis was lore so I can't validate it." AnrdC

later ht: stated "Clearly there i.; sarne frequency sijnal .,h-ich Is

attenuate,! by tht, filter to thie noise level of the electronics.

This sitgnal will not be deztcted by the rotation analysis. No

amount of norma-lization can compensate for this loss. I am not

convinced that the statistics wer'e properly normalized, or that

it is possible2 to do so."

The only normalizinr done csnsisted of setting the maximum

amplItudes cf some of the secondary plots (not shown in this re-

port) equal to one. This simule procedure apparently caused the

BYP. to conjure up Some esoteric normialization scheme. As intended,

the bandpass filters attenuated the sijgnals outside their pass-

bands. There was no desire to detect or compensate for the

intentionally discarded si.7nals.

Furthfer comments by the BYR,: "I also understand the check

he has made by movinFg a wide band filter acros.3 a narrow., spectral

line, observing that the output period moves across the tand in

the appropriate manner." And later: "At a deeper level I am.

coiicern. d about the use of narrcw. balnd filters and polarizati-on

analysi:,. to estimate the spectrum or' a sig-nal which is what the

author da (one."

The4 check that the B3YP "1understLands" is unknown to the

authcr. '.he spectral lines o.u-served were not narrow,, even thoui-h
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they were not* a.; w.ile -is thie fil".er bandw;idthis. rihe 2YR uses the

desiirnations "wchbnr1 anj " narrow band"t intercihangeably in

referrlin- to t.he filterc.

At a deeper level, t'-e ?--YEi. -,; concerned about the use Of

period distribut~ions in th-e ara'szof the pulsations even thou,7n'

this tech-nicu,-e ha-s teen u,.-.d Ini ra ny paners that have been rub-

lished In thje TC,! and else-ohere ,,I-hout evoking:- any great con-

sterna-ti -,n.

I 'oave been assured t v thc- 1. utor that the Brand X and Br-=an

Y Referee "were selected for thclwr expertise on the subject matter

of the paper." Since many author-s have encountered similar ust--.-

of "ey~nertlloe", it s ee~-ed worth-wl-ile to document one example.
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rr. A. A,'':':';; :1A'IA A:JTALY.,£

'hr.~cL"~ dtasa27t~J ;t'*ectcd from the archniver of

te At'-'!'-~*~- at-neo-eter ::tc av-

been'''.-~ *C confir- *em e;,l~ o' tht2 ini-t!al analys'10 'he

datai wero ruccrded U at 'the t.Clem:ns , 1Michl Can , and NpdUy

Sout Dc~atastaIon.3 in th rentier of thie nttworl at a

geo-nsn net ic latitudle of about +5110 , L value of about 3, approxi-

mrately t>,,e saur.e as that of the Stra,.-:ber'ry Hill station. The

outputs 'rc:-. the Indluction coil senors7 had been digItized at a

rate of 30"~ noints per minute.

Cr~ daa a~'a as recora'd near local ridnif-ht dur~nr- a

lar(-,?a di-nturbancre ('Np = 7o) so that conditionsz were

similar to those for the 16 Ap ril 1165 data. ThIat is, the station

was cutzi-Ja the p-lasrnarau:-e and Iins Ide the sout"hern bounda r. oil.

the e~~~dau-cral oval. The ctner two data sa-aoles- were re-

co!-'.,d d -In~r the early afternoccr. hours under conditions of mod-

ert .ntcd13turba'ncc iwh-er' thie statIon.- wa:; insidec the plas-::,a-

paus.e.

Cor:Ide ration aas g-i-:;en to i-racticable m-otlificatiuris of the

analysis t-chnqi wic gh mc-ke it more dif'lcl fo d1r

mined sker.t I o to deprt-ze the resultLs. Unfortunately, the co-

rents of thie Li.rnnd X and Ira-d Y' referees of the JOR provided

very little assistanc,! in thl:s rerard. It was decided -- reluc-

tantly -- to abandon the preselection of' the filter passbands to

be used for analysis. It was tlii ob servatioz; made durinr the

preselection process that firs.t :-evealed the unoxpected f-eorcetric
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pr'cj-r: :c!n o" th' ; rcnwit r ! A(:; of the i p w I,, tI cn:-. A Ith110urn

qua! . v, t .: ' :, tur , t.;, c: P2t -4orin ;*Bere q u. t,- nrn d rr '

subsequ-.n'_y 17crne out e p-'iod disltributlonz. The JOB re-

f'eree2s, hz.ever, ri:-,ly !;-ncrMi ';!-. sirnificance of thc:ze early

obse -v a t~ ILc th :?.'- .wa: no nractic-Ole way to present the

observation-s ot!her t nan thIe verbal descrip tion that had already

been used, it seemed be-st to dron the preselection of passbands.

In the later analysis of dat.a, therefore, a large number of

narrow filter passbands have been uoed to cover the desired period

r an g:. This approach rurd ;reeffort and computer tire. It

had the additional advanta-e, howe ver, that it provided plots of

the amplitudes of the pulsatlionz as a function of frequency for

comparison with the reriod. di'st.ri!but.ions. The average amplitudes

in the Individual passbandi Llro'm-cie enough points- to define a

srooth curve.

111. 13. TI!T DA'TA CF 2 MAY 1978

Data from the M".t. Clem-ens, 1-i chig-an, station of the 1.1r Force

Georhyoicz Lab.-oratory for the tnr.ee-hour Interval C0000 to 03100

Cs&r on 2 May 1978 have been anal:-zed. The Kp lindox for the inter-

val wa:: 7o. "he Period range Pro,- 0.2 to 6 minute3 has been

.ovee )'i a serieas of narrow, ove rla7ipnj- filter iassb~ind-.

Polarizz-ti4on traces for each pass-band wiere obt:iric! no dcsrried

in fectlon II. B. above; a section of one of the a~r :fo.

in Firure 2. The period distributions for six orf'~ overlarrr.t-

filter rassbands are shown in the upper plots of Fi-ure 14. The

period I'ntervals arc the same as those prevlou.sly u.;ed In Piplfure:-

la and lb. The dotted curves are! the response curv-s of dirital
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filters .. hicl- have Leon t1 te: ,c .:ii ottin a rcnr:tant shr!on

the lcaitrc eriz o anai ond-n

The histo-3-raras are cornst:,,'uci :'rom the sums of the tire clura-

tior 1; of ;-e in ilvi.iua2.Fls: ae'al.rs iudentIf-ed frcm the

polar.':z--cn trc (rat!,er th romre the number of rctaticnz of

the martic vector nsr r rrev.louo analys,_s).

Becauze the filter pa:3sbands were not pre-selected to mini-

mize the suuerposition problem, the initial results obtained with

wider pa,.sbands were soz-.etiines ambiguous. Passband:- coverinf- fcur

of the period inter-vals used in the plots of Figure 14 were first

triedl. -ithu loc-ar'ithmic increr,%ent of the intervals was 1.111 so

that the rat.*, of thte maximu.- anod minimum. oeriods- In thle four-ixn-

terval z-an was 1.111 4or 1.523, a ratio larrge enous~h to provide

t h e p o z s >. I A t' y o f t h e i n c l , u.- i c n f m a n y p a i r s o f s u p e r p o s e d -, w az v -

t r alns. .e h center perlcd of the comparatively v.ide passbarno_

was si. in stLe-ps of one perIod interval, the, resultInig over-

lappl.ng -orlod distribution~s were not alwa-y3 cons 1sternt armong,

the:iselv s. Passbands covering-_ three periodi Intervals yielded!

better, htut still not satisfactory, results. ThE ratio of the

max.imum a-nd rminlimum periods in the tw..o period intervnls coveredI

by the passbands of Fig-ure 14 is only 1.234, which permits very

few occurrences of superposed wavetrains. These narrow passtands

clearly display the peaks in the period distributions. As expect-

ed, the a7.'i1C-,uties which had previously been observed were most

pronouricci In the regicnis between the pealks where the wider pass-

bands would Include concurrcnt wavetrains froim each of the two

ad,'acent reoonce bands.
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rjne total Lim~e durationi of the wavetrains observed in eac-, n~ass-

band wa: rxt753: c." the duaLnof tedata --ample. E voer,

the anpliides of the ctiitributions prior to normalization are

no. of -rrtsicri ficance in this case because the narrow pass-

band,'s I::cea more: cin-usoidal Iapnearance on many of the wave-

trains than they, would otherwisu have.

r tm two ce rlapp~in;- ; slanf containin- one of~ the' rpeak- of'

the ove-nll pecriod d trulnhave been chosen for the plots on

t "-e t 0 1r Jnfs o 0f Fl sue r.e tw..o d iz IrIu ut on:- -e~j in tc.

ed tr vi1.'2 -4>' an d fourth lnsof the f-* Fure

extend t p.: uricd r ani-e, an" in ,ch c ase the pe k~id - itrutl c.-,

contlnu to drc- off froF. th-e cen ral pea". The c=r-ositedsr-

bution hunIn the lo Ir;2ot i.3 based on the relative am7p 11-

tudes ir: 'the tw.%o ;.eriod I1nterval.s of the individual passbands.

Startinu fro..- the central ;veak, If' each of the three passbands

had shown a decrease c." 2-K;, for examrle, the amplitudes in the

com.poslte distribution would be .)lotted as 1.00, 0.80, 0.6C4, and

0.51.

Fi,-;ure 5 presents the resul'-s of the analysis of the three-

hour Intorval. The averare ampi Ltude5 of the ?T/Ot component of

the puLLsat'Ions, derived from the flitered aX/dt and aY/jYt outputs

of thie induction-coil sensors, ave show.-n in the upper plot. 'Ea ch
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point on r- curve curr-r r~n,! to one of thce bz-nrr ;sz filters

used tr. anal::,;I s. ::- tho pe:'1od distribution, shown in the

lower plot, each of' the !"our reaks was derived independently as

illustrated in -.,re4.Te da-.;hed vertical lines numbered 1

throui h 4 are equally spa ,ced en, '.he lorgarithmic period scale and

fernm a g.eomretric Pro,7rec~z;ton with a con.-mon ratio R = 1.84. The

geometric progression prcvide,- a good fit to four peaks in both

the amplitudes and the pericud di:stribution of the pulsations In

the 0.3 to 3 mrinute period ran-,c. Outside that range, the pulsa-

tions do not conform to thc prc,ezsIlon. A secondary peak in the

period distribution, at about 0.27, minutes can also Le seer. in the

arplitucde cur, e. The pen;: in tlhe ar,-lit'Lde curve at about 3.5

mi~nutes is 1barel.y, di zcerr --b lt 1 the ce riold'. ~t r'b ution.

It should be noted that tl-e slow uecrease in the arplItudes

of the rulsations w.-ith !nc ais-, pr1-' reozuitz frcm. the use of

CH/&:t for the rlot. A P-Dt of H~ woulJ slio-a the, usual ince oc in

armplItuse, with increasiri, period.

Th technlqu-e used in derIvinig the Individually normalized

peaks ilo the per-lod distrib-2on results in discontinulties be-

twe.-n tlie peNs o detailed investig-ation has been tiacie, but

thedisontnu~~esare due In part to occurrencesz of the surer)'-

positlcri of wavetrains of differ-ent periods. The narrow filter

bandw, (_.idt restrict such occurrence-, to the troufghs- between pnlrs

of paswhore wavetrairis related to each of the tw..o pe~aks are

equally likelY to occur. Small variations in the parameters of

the ana:i5-7i (i.e. , filter bandwidths3 and the deg-ree of regularlty

required for, the selection of pulsation wavotraln.,) d.',d riot rerlult

in sim iatvariationzs In the period distribution.
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I t to ece nI:in th period diztr~~

tion wi. bror o.-c'th---,e I tjhe rulz itlon arli-

tUd e 3.Iesahiref:c c-0 Th e av(ralppin f~ilter bar W.-idth!S

reduces --,e s rn~zof t: e Dnuin the! arplitudc curve. .11 zo,

each c: tt>.- 1o- ulition wcv~'tzcontain!; energy spread over

a com--uatively widie fremq-encv rangec. In the Periou; dirtrlbtutlo..,

however, all of this energy is attributed to a sing-le period nenr

the center of the rang-e, and thil3 sharr'ens any exicting peaks in

the diztrU',Lutlofl. Th,-e arn -.~ ertcd;of pulzatico lyinig near

the cut-o.ff perlods of' the A -!rs are sh'Iftec someu..hat t;ac

the cren.trz: of tie pa:bi'd.F )r the comparatively n.a-rro-.i pras--

band.s u:rei, this' a -aln te.-W;l to 3"hurpen the ot.servcd peaks in the,

distrib-2 io..

C1iez it Of th nlnsof the three-hnour .nit-r'val frcm

133-0 to >30J Cc*'' on 15 January 1 79 are z"how..n in F'igu 6.i Th

data arc from th'e inductilsa coil sensors of the BapnId C.1ty, rouf-1

Dakota, tt. of the Air :orce Geopnysics Labcr'e.tory, and th' ,e

analysis procedure was the saine as that described in the prev'ious

se C. co,'cn .

The diata were recorded dur'.r.g a moderate disturharce ('Kv = 'ic)

and durlagC the local afternoon hours when the station was, well

insicle the- Inner magnetosphere, i.e. , inside the plasz:apause. Te

pul.;ation omplitudes are almost za factor of 10 lowe-ir tha-n those

in thr' p-'eV"Ous data oarple.

'Ihe dasheid vertical line-, il-ain form-- a reorrctric proi-recsion..

In t',h.z r'ase, the co:i'mcn rat.4o R Is 1.56. Four of th2 torms of
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theu 2,ro,-r:;:ion , labeled1, 2, 4, and 7, ar? in -oc,1 agreement

with I¢ Ceak-s in the a':plit ude curve and the period distrihution.

The OzhL.r terms in the prroression do not appear in the pulsation

data, aThouc. there is a l qht indication of a peak in tne ampli-

tude curve which corresponds to term 5 of the progression.

III. D. THE DATA OF 19 JANUARY 1979

The results for a second three-hour afternoon interval at

the Rapid C-Ity, South Dakota, station are shown in Figure 7. The

interval was rather quiet with a ,.p of 2+, but the pulsation

am rlit;udes for periods shorter t'.,n two minutes are lar'rer than

thos2 for the previous data sam.ple. The geometric 7rogression

sh;..:" b:, th,,e dashed vertical ,;s aiain has a ccu:. ratio R of

1.56. in this case, only three of the terms in the prn.ression

appear clearly in the pulsation data, and the match: for' term I is

not very Locd. There are also. indications of peaks corrospondin,-

to terms 2, 3, and 6 of th, progression.

Pulsation a:mplitude curves for six 15-minute intervals are

shown in Figures 8 and 9. These exar.ples were chosen to display

the short-term variations which occurred during the three-hour

interval. The common ratio R = 1.56 has been maintained for the

progression, but the entlre proFressLon has been shifted slightly

tc provide the best fit for the Lndividual cases. There is a

general trend toward longer periods at later tirm.es. Change, in

the cor:.on ratio were tried but did not improve the fit for tiie

individual cases.

There are clear occurrences of peaks corresponding to each

term of the progression in one or more of thu 15-rinute intervals

with the exception of term number 5 for which there ar- only two
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small !n 2'at orL.L o p1Oa.::. '.ho fit to the: nrurr.s.;Ior. is not

always v.,y -cd, but th . is to t;e expected for low.,-Q resonance3

averae& over short tire 'ntervalz. For a five minute period, for

example, only three pulsa-4on cycles, could occur in fifteen min-

utes. There are also a fe; peak;s In the puls,-zion amplitudes

which cnnot be ideti&1 .: th ter-,: in the progression. The.se

mlsflts are, however, far outnunered by the peaks which do agree

with the profgresslon. A definitk increase in the amplitudes of

the longcr-period nulsation occurs in the latter half cf tle

three-hour Interval.

I.. OIi II DATA SAM.LE5

Two other three-hour data r es have been eut in

both cases lar':_e percenta. -e var atins of the pultatlon anr:'litudes

Occurre(o r:In: rnm-: i a t- frerc :cy and tI.-c, ano no clctZr

pattern coulk ! isc:':":'. tn both cases there -:ers sore iudi-

cationz cf a Oeetric pre:r,_sLun of resc:-.t period3, but th,

InLicnt o: were no- sfflccnt to ,arrant the presentation of

the dato h'c. In neither case could any indications of a har-

monic .. ri'a be observed. One of the data samples was recordec

a; nlz:,t dnl rIn.' a strong disturbance similar to that of the 2 a!

1978 :nur described in Section III. B. above. The other sar"le

was rec-)ru,,d during the afternocn under very quiet conditions. The

signal levtls were very low and may have been contam.inated with

man-nade noise.
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IV. A. :)120U.....

.l' :'our of the data sa-p'e: presented show geometric pro-

rresslo:; of the resonant per~ods of the pulsations. No inter-

pretati-n .ri terms of harmonic series Is possible.

All of the data samprles "Pere recorded at stations located at

_0about +140 geomagnetic latitude, L value about 3. The field

lines from the stations usually lie in the inner magnetosphere,

i.e., inside the plasmapause. Near midnight, however, when the

the Kp index reaches 70 or more, the stations are inside the

southern. boundary of the exp'anded auroral oval. Differences in

the pul:-,;zions observed under these two conditions have previous-

ly been reported (larle et al., 1976). Differences bet.een the

"mid-latitude" and "auroral-oval" regimes of pulsations at these

suo-aurcral-zone stations also appear in the data reporteu here.

IV. B. TIE "AUFCHAL-OVAL" RESO:;A: "CL:

The- existence of a geometric progressior. of peaks in the

data of 18 April 1965 (Figure la) was fL;'st inferred from quali-

tative observations of the filtered pulsation waveforn.s. Since

it was those early observations that supplied the incentive for

thre m,,.er of the work reported here, it was fortunate that

the "aurornl-oval" regime of pulsations, for which the progression

Is quite clear-cut, was chosen to initiate the study of the pol-

arizatln of the pulsations. The application of the modified

analys~I technique to the data of 2 May 1978 (Figlure 5) verified

the -2arlitr results. The differing, values of the coarton ratios
D of the lonr-st resonant periods of the two proi-ressios
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war::int t . . s'! e:,,v t. . *, oi .i. n.:0iT'V le 11 h

Itauroral-oval" reriz.e of pulsat-lons are avai!.bie for coparison.

IV. C. THE ,: . LATU' : Dr" ',,'O AC..

H}ol:.terf- (1951, 1953) presented a:, extensive analyss cf the

pulsatio:!s at ]IJkdalenulr, Scotland, +5,'..5o geo0ranetlc latitude.

He found t-:o prominent, distinct peaks in the period distributions

of the p'ilsations. One peak was centered at a period of about 20

seconds, the second at 70 to 80 seconds. Hclmber, noted the simi-

lar.ty of his results to thcse which might reout If random noise

were passed throuCh low-Q filters and estimat- u the Q's to be

ab aut 4 :r 5 fr-c-. the pulsation w;aveforms. From a consideration

of tne ct...... sties of varici:s possible phyUI 1c mechanisrs,

he ccnc! :.:. that hydromaine tic resonance was the r.-chanlzm most

likely tj :ata, be of n'c;idofg the observi- ' reric , rani-e. In

the nre- _ t~lite era, the ioncrphere was assured to L7 the seat

of the r-:-sonances.

Pea:s at about 20 seconds and 70 to 80 seconds have also

been reported in the period distributions of the pulsations at

Tucson (+40.4" geomanetic) by ,aple (1959) and at Fredericksburg

(+500 geomagnetic) by -alto (1962). These two peaks are thus the

most firmly established features of the frequency spectrum of the

dayti..e pulsations at midile latitudes. They do not, however,

lend themselves to an interpretation in terms of a harmonic serie:

of resonant periods. The: have thus become quite unfashionable

in recent years and are often conveniently forgotten.

The two peaks corresponding to terr"s 14 and 7 of the f-eometric

prci-ression.,s of Fig-ures 6 and 7 are the most promin(;:nt features
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of the spc.:tra of the two aA'te ,:con data samples; they also cor-

respond to the two r'eii:.; re: .-ed. in the earlier studies. The

greater period ranne cover.., in ii.e nresent work, combined with

the imnroved recordir7 ar_ analv,.is techninues that have become

available in recent year., :ern, its the identification of the two

peak,; as terms In the vomctric pro;-ression. With the exceptiono

of numbers 4 and 7, ncue of the terms of the progreszion appear

as really outstanding peaks in the amplitude curves; term3 1 and

2 do, however, ap-Da:' quite clearly in the period distribution of

Figure 6. The dt, for the 3-hour sarTle on 19 January 1979 (Fig-

ure 7) would nc-, if ccn'sICtered alone, be recognized as a geometric

progression of :eaks. T-he elements of the progresslon becorre

dlzcerr.able orne such an interpre:tation is sur-[,ested. It is only

when the datu are separated Int s 15-rinue interv, ls in FIgi.ures

8 and 9, however, that the individual peaks in the progression

become clearly evident.

In '!ew of the nature of the data show.%n in Figures 6 through

9 and t:e lack of any theoreticaL reason to expect a georetrIc

progrs2;'-Ion, it is not too surprisin, that such a progression has

nct ore .io,,nly been reported. Careful analysis was required to

dcliclcse the peaks in the progrsc:sion, with the exception of the

t.vo prornnant peaks which were prcviously reported. It was only.-

the confidence engendered by the results of the analysis of the

18 Auri] 1965 data (JGR refcrees notwithstandini-) that motivated

the suc:c:;sful dcveloper.nt of the modified analysis technique

which prcduced the later results.

Mu,": cf the variability in the data can b 'ttvibuted to the

low .e' cC the resonance:, but it seers likely that some of the
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v aloi a du Zo 0h~tt:~ 1 T1 t~u I ) te :;,p 0--t rw o170f t"'2

so urce c:f exc It a% I c en,, r,-. :, surrestion ef N-)1-7::) e r

asbeen. testedb rpazz,1- rnn ic- ncose throu-- dirgital filters'.

Then fil7ter -4dwzths c cnra;'bl to those of Filr-ure la were used,

period dlst~'ibutlons similar to those shown In, the fi;gure were.

obtaineu. 1.- oct!-er res.,-ect:3, hcv'ever', the sim~ilarities to the- r,.1-

sations were slir-bt or non-existent. The fIltered random noise

wavefor:-2: ha.d only a superficial resemblance to those of the pul-

sations. As the center p-erlcxn,! o. the filter passbcana .-.as s.ftod,

no occur"?nceM3 of superposed wavtralns of dife r -. t periods vere

observ;ed, a.nd :none Pere e:.ected. In the case oa' thei pulsation,-3

the occs;. 'c nces /ssperposition wci-e essential to the hpte~

a natura. ':at,, structurce producc,6 by mafgnetooh.?ric resonance s

prlsv: to t-eana1l;.' ol. Alz-o "'or rte randoz-m noiz-, t;e r.erl cu ds-

trlitio s -..ere dietermined solely by the filter3 ml ~wv cem-_2c.

near tne center,-- of' the passbands as w-ould be exroctcd. Nio stron;-

trends of cloc?,w-ise or counter-c2ockwise polarIzation such az

thofse sunin FiEgure 3 were found in thle polarization traces

obtained from the random noise. The simple hypothes;is of HIolm-

berg- thu rquires modification, p~robably in th-a assurption of

t.-uJly radnnoise as thc sourco of excitation ene rfgy.

Fe:'nnnd.o and :Vannrnaro (1,96C) found two real_- at adC

seconds in the period dl-stribution of the pulsab"iOrir, a-t (0cloLo

(0 g:;ma-netc ltitude.). The period ratio of' 1.58 1;ur-gsts

tho t.' ea:;are torrns in a rtcornotric prhroY;n rl>.. mlht

als, :'cou.::;c , b~e the :;econdrd third harol:of a harmonlic

s'esaina ru.uamFvntn1 pert od of about12 end. na
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coverinC a wtder reriod range would be required to settle this

point. .. tone (1967) publIshed sonorrams frcm Esk (-37 Feo-

manetic latitude) and Cougar ,.cuntain (+540) showing three reson-

ances . . eriods had ratios of roughly 1:2:3; the lon;-es.

periosou. 50 seconds. Tl,.. n eriods were not sufficiently

well de:fined to distinguish betw.-een a geometric progression with

a c raton ratio somewhat less than 2 or a harmonic series with a

funda:,..etal ueriod of about 50 seconds. A fourth resonance in

the "c- '- ericd range was inadequately observed because of instru-

mentati,.n liritations. This casts doubt on the interpretation of

a . :rr:o:c series with a 50 seco:id funda.-ental period. t.vcraged

power s ctr' from .et. Jers-ey (+i).5 ° geoma-netic latitude) re-

ported 1,v ..errn (1967) and Lavllscn (1964) show a promrinent pea',:

at about 20 scconc:s. The other peaks in the 40 to 500 second

period ra:n~ are less pronounced and do not appear to supFort

either a reoetric or harmonic progression. The averaging, of the

data over all 211 hours cf the da:" and over a 3-nonth interval may

have obscured some patterns that ould have apreared in shorter

time intervals.

Stuart et al. (lQ7) prolietc rower spectra of pulsations

recorded at three U.!K observator.es for 70- and 90-minute inter-

vals. Of 83 reliable sets of spectra, about 255 were judged tc Le

"too comoDlex for interpretation". Other spectra could be Inter-

preted In terrrs of harrionic series whose fundamental periods were

not observed. A consistent pattern for all three of the rather

closely spaced stations was nut observed, however, and quIte cor-

plicated assumpticns were necessary for the interpretation of the
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results. iri .2s ini by t:_e spectra are considerably hithe

than would be ex;,e-tcd ar th .;tr, :,.ttons from the results of

:Iolmber.- (1951) and t'art n",r,: er W(I96); other studies, in-

clud'ng the present one,al:.; Inil.z ce low Q's for the pulsations.

The spectra are also in d'sa-ree. :entwith the two Peaks observed

by .. .... (1.1)at ,:iu, one of the stations usd by

Stuart et al. (1971).

Althourh Dower spectrum analysis has often been applied to

the pulsations, no other o bservations of harr.onic series of

resonances at middle latitudes have been reported. A rather ex-

tensive survey of data from the !,ir Force Geenhyslcs Labor_or's

stations utilized power spectrum analysis in an unsuccessful

search for e-vidence of harmonic series (:ocC!a,,, 1978, private

co-.u:,.ta 'on)

r:. D. 2'-j-:,X k , .ZY T C;

A jhar..onic, series of rruos:at ru-Lzt-on rcjr_osj with a funda-

mental o-rloci of about 100 seconds has re rcr...I been otzerved at
thie .... lie n

theA'-s sa.tellite i.n reos:l'nch.'oncuz crlbit at t)baut 6.5 . (YL.-

hashi anrd >crlherron, 1962). The "harmonic everts" are reported

to be a common feature of the pulsation data.

Mar other satellite observations of pulsations have been

reported. '.he pulsations usuall , exhibit low-Q waveforms com-

parable to those observed at the surface. The reports of isolate-d

events do not, therefore, provide any reliable inforation on the

nature cf Fcisible resonance phheno,,mena. In the few instances in

which zc.,:Lat larFer data saples were used, the analyses dId

not yield any definitive results.
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An 5a1w.1~'. t i~tc2:z..CK!G uutln:,of four f-i'>

frer.n: -eri!.~.o~:ve~a A- :--it- 1tt 'I, yc:onn,

orcit :hr:a nz3tc Q:tr eor, 7 ",ay l.7 e

a!.(7). If ThIe rezonanzs were injeed as sham a-- indicated

ty the .,,a.etr' o ino-*n this sin-le event ,would provide F-ood

esti71-,,,':s of' the true- recritrerlods. Po-.wer spectral analy:s1s

of' a ti*-,( interval whichi inc-L.( td some lower-'. activity, in addition

to the hUh~wavetrains yild'ed periodz of 182.9, 98.r, C-4.0, and,

41.3 se~d;whichi vere ss;~-eimple hlarmonic indices of 1, 2,

3, a-ILI. Tie freiuerncy rat .os of 1 : i. 6 : L. 85 : 2; .42 w.ould , ho-vever,

pro,.,de ann e iu all, 1 godcc f it t c f o ur con s ecuti ve t e = of a FC0

metri n:'rressca. eriod;s scaled- directly frcr. tihe three htc

wav'a~s sownvie ided frtesuercy ratios of 1:1.75:2.84 , hich,

rr''.I a very:, jood fit to a g-eon7,etric r'or inwith a ccranon

rtoc'' 1.'7. 'i'he d at:ofrcl:- a harnoa sono;I ct Ir

but the1( o~~rn hg f thlis event su-etl tat the dep-artur.e

rgtbe significan..

IV. E. SqrT: DI 'I WAVE C3E?-VATI O:1Z

_l.- f1 irs-t con.clusive evidence for a. mag-netospheriu orli-ln of

hydlr !nrifeic wave~s was the observation of waves hrIvJin, periods5

of seve ral mriutes vwhich occurred sirultaneously at conjug-ate-

point s (%uvlurn, 1961). A nu.-fther of other observatlons, of tihe

si:'.ltaneous occurrunce of ionf-.1erlod, wave-, at ccnju,-ate p-nt

have been repor-ted -In,,-. !-any of the observation3 were at hl,-.

lati: sins,-,. so that the field 'ir''s from the, rocor(lir,- stations

1lay Outs C.U the2 pi ) lsneT%. -n at leas;t ont, i:iL;tanco, howevc-,

a wavo w~t.a s x-rminutc perIod! wanS obso iwed Iniethe pas

sphere 1?u.tadIn'ot, 182).
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ch con J ura t pnoin t ob oe vri t if on - II ca t :t.::nr.;- re S

±e. T,', 5cn an ce p.:ie r. ccrn a) tV,-e rar--.( t f-ei i e : r t2, P ,or

no30 e I.rca (U rt al c u I for th.! f:12 ln-I-- r'escn: nc iy,-o-

trlsi2 i':'zmany of the C;-:Cer've zanMn-wv *"'-riodr are

mu h Ic:. -cr thin thocze calculate'! from present :c:i'- of

pls;~alnstisIn th' t' -r (C'. , 2 L;' 2

19 2). '7e cond, the f unda,-e n tal per-' cin- o f the harmcni c seriez,

T)r cv: 1 d-efinite lower 117m1-s fcr the pecriods- wriich can be account-

e d fr ytl- field-line-re. onrc-: hyohsi. -nce nn' of t-

obo c'.' a in~if7~UVCnoric('. a re ;-auch) lorw-- t!.:.:. tr.': >da-

nor~al re~x~ I .cate Lvthc :,zervatcn,n c1 na

res~an ::ec:onin W'..e r ec.-a-red to a,;cca:.t fU,- tIclni-er

per-1ods.

'Tht ~ ~ ~ O - L2P ':C(Sc',e sta~ndinrg waves not Lc.nJe

w~ththco::ex''atansof, joC7metric pro-rCOssic::z of resonsant

perlos. :,c thcory ~r etyexistz for' the(- gco:mtric por.~s

so rno comnzzrlson is posil.'cindlcations are- quite stron,

howe,;vcr, tha'-t present the:ory require-s mcdl f~catlons, in one way

or ancthier, to fit thc ol,ervat~onal data.

V. C(:,JICLiSQX

Nro final conclusions ocenn the niature of tlie ma-nctr-

sphecric resonance ncneocar .be rachied until bctter ag-r(O-

rnrt etenthe varIco obce r'atlns anl betwee.-n the obcx'evnatis'ra;

and theory ir, attainec!.

At prosunt , thie .er-.-nl*videricc at the', _-Co.;'.n c:cu.-

satelilite altitudle, and 'iubl t Fi'-attd rou:i 2 t a-

tior's a-, well, favors j a -hac;n.,c ser'ics withi a funudarcn crics
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of acout lUO seconds ( i,:i:i.;'.:;I :'md :IcPherron, 1982). However,

the results of Bnrfleld et al. (1?72) are ambiguous, and stand-

ing-wave observaticns indl ate resonance phenomena at much longer

periods.

At nid-latitudes, the p-'esunt observational evidence favo:.s

geometric progressions of resonart p-_riods. The data presented

here, supported by the earlier observations of the two strongest

peaks of the daytle period distributions, constitute convincing

evidence. The stacting-,ave observations are compatible with the

georetric pr.,ressions but not with har:mcnic series with cor.para-

tively short fundar.tonrl .rerlc&..

roth recordia and analysis techniques capable of revealinr

any resc-: nce hono:ena prcs,:t in the pulsations have no;w been

availabt2 for seveal years. A s-g:nIficant amount of effort is

required, as is cl2ar' both. from the nature of the results to date

and from the laclk of a lar-r quantity of useful results. Another

essential tool is an oven mind as to what the analyses may reveal.

Additional analyses of observational data are needed in this im-

portant field, of research. 'c.w that the work under this 7rant

has been terrminated, hoe:ever, it seems unlikely that all of the

essential tools will be broug'ht to bear on the problem in the

foreseeable future.
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Figu,.re la. Period Distribut ions of Puzto.;In Pand3 1AJ

th-rourh Ai ''he arrow.,s below.. the s~lot.s desig-nated as resonance

numbers 1throa gh 6 form a gotrcprorression of periods with1-

a common ratio of 1.7. The C's; te,.low the plots -in'cate the nomi-

nal cut-c:': norlds of the !=Llr~a. o filters used ir the analys: .*L-

Fig',.re 1L. Period Dis;trlbuticns for Bands Al throughi A5 With
an Frar~~ci rdinate f'cale. Ban"ds A, and A5 and arrows1an2

are reez&fo.iu~ la. The irrow.,s below: 11and, AIl throurh

AL indlc~.te the recian perlods for those banlds; those periJods do

njot fo-:' a contInmatico of tihe ge-ometric pro,-ression of Fig-ure la.

Fig.r 2. ectiorn of a Polarization 'Trace in the Hor'zontal

(X-Y) Fl::re. 'The cumulative azIi:-uth anrle obtained from the fl-

tered X ,,n,- waveforms . :L: plotted ag-ainst tme The durationz

of four r'cla-rlzaticn runs are shlcan.

F-1 r,:, 3. PoclarizatIon Traces in the Hori::ontal Plane for

Bands; Al throurh A9. 'The strong- clockwise a nd counter-clockw..!se

trends occurrin~g durlln,- the 12-hour interval are clearly displayed;

the ccmpressed time scale causes loss of detail. The nominal cut-

off pevlodls of the bandpass filters are shown.

Figure )4. Derivation of One of the Peaks of a Composite

Pe.,r; f ist, ributlon from the Individual Distrlitwtioris obtained

frol;:, rrn Overlapping Filter 2assbands. Data of 2 '.Iiy 197C.

Fivgur , 1 . Comosite Period Distribution z:nd Avera1 -,e Ampli-

tudes of Pulcations R~ecorded at I-It. Clemens, ,ichig'an, from 0.OOD

to 0300 27 on 2" Nay 197k , KI, 7o. Vertical dotted lines for,,, a

Ceometr,!c -.ruogresLiion with a conmion ratio of 1. 81.
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Fl.- ~~ *C~:~o: 1t Pe O ) F -IbitiLtcn ~'i Avr:g 11vII1

tudes c' >izt Enecordnc] at 2avid City, 2out Daota from

1300~~~~~ 0c10 !~ n1 anW27,: J. Vertical. dotted

lines forma cc.etr-Ic nror-rcfvszn ~t a cc,7:-,n ratio o' 1. 5t.

F u~ 7. C c! ro st Perict DIs-trIbut~con aru A'z':rare .J~

120C0 toc c 2 n 1, J.-nuary 1979, !Kr = 2+. Vertical r!otted

lin-:s fD-7 -ro2 t prc-ress~ or. with a comnmcn re~:of 1.56.

of fov rp:ree of t!,--

15-[lnu'tc Tter.-ils o t' t,,,-- K'i Data 2e-nhC Fir-uire 7.

1~~~e9.Avra~r Aaliu:esof PLaiosfor Three of tl:.-

1~M i~ ntervals of t'n L'ata Zipeof Fifgure 7
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RAPID CITY, SOUTH DAKOTA 19 JANUARY 1979

1200 TOI1500 CST Kp =2+

GEOMETRIC PROGRESSION (R =1.56)

7 6 4
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Firure 8.
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